Strain engineering allows modifying the properties of thin films using the stress from the substrates on which they are grown. Strain may be relaxed, however, and this can also modify the properties thanks to the coupling between strain gradient and polarization known as 
Introduction
In ferroelectric thin films, the coupling between strain and electrical polarization (piezoelectricity) is intrinsic and allows functional In order to investigate the strain state, the lattice parameters of the film were mapped using synchrotron x-ray diffraction in grazing incidence geometry. In this way, large diffracted intensities not limited by the finite thickness of the film can be collected, and the inplane structure of the film can be characterized. In grazing incidence, the maximum intensity is obtained when the incident angle of the xray beam with the film surface, i , is close to the critical angle for total reflection [35] , which is c~0 .29 o for for PbTiO 3 at the wavelength used ( =1.265Å).
In figure 2a we observe that, when the incident angle is close to the nominal c , there is a diffraction maximum at about 37.5 o ,
corresponding to a lattice parameter that is very close to the substrate's. This broad maximum corresponds to the c-domains, which have polarization out of plane and thus a compressed in-plane lattice parameter. As i increases, a second peak appears at smaller angles (larger lattice parameters), corresponding to the a-domains, which have polarization in-plane and thus horizontal elongation. As the incident angle is further increased, the two diffraction maxima migrate away from each other, signalling a growing difference between the in-plane a and c lattice parameters. Further insight can be gained by probe-corrected High-Angle Annular
Dark Field Scanning TEM (HAADF-STEM) imaging [40, 41] , shown in 5b ). Polarization mapping can also be done by other high resolution TEM techniques [43] , although HAADF has the advantage that the samples need not be so thin and the less aggressive sample preparation helps preserve the native domain structure [41] . where the vertical polarization is reduced [43] . We notice also that there is no significant polar rotation in the a-domains, also in agreement with our model: in the a-domains the polarization is already horizontal, so the addition of horizontal flexoelectricity can change its magnitude but not its angle.
The observed rotation of the polarization vector implies that the internal symmetry of the unit cells is lower than tetragonal, even though the X-rays do not evidence any monoclinic distortion of the unit cell. This may be due to the small coherence length of the domains, or else it might indicate that the unit cells remainin "metrically tetragonal" in spite of their lower internal symmetry.
Decoupling between tetragonality and polarization is a known feature of epitaxial thin films, which remain tetragonal even when the polarization is suppressed [43, 46] .
Symmetry lowering via polar rotation is thought to be a cause for the giant piezoelectricity of PZT and other ferroelectrics compositionally engineered to be near a morphotropic phase boundary [26, 27, 28] .
Nanodomain formation is in fact intrinsic near such boundaries [47] , so it is quite possible that controversies regarding their symmetry [47] [48] [49] be related to the existence internal flexoelectricity, seen also in relaxors [50] . Transverse permittivity is bigger than longitudinal one in PbTiO 3 [45] , so the net rotation away from the vertical direction should result in an enhancement of out-of-plane permittivity and piezoelectricity. Though the enhancement will be hindered by clamping, focussed ion beam patterning of individual clusters of domains can reveal it [51] . 36.Given that increasing the incidence angle increases the penetration depth of the X-rays [35] , it is tempting to assign the increased tetragonality to lattice planes that are deeper
[37]. However, it makes little physical sense that the least cubic parts of the film should be those closest to the substrate.
Moreover, all the change in our films happens at angles above the critical incidence one, for which the X-ray penetration depth is already larger than the entire thickness of the film (as confirmed by the observation of the substrate peak). 
